Introduction
It has been demonstrated that when isolated chloroplasts are illuminated in the presence of aqueous solutions of certain oxidants, oxygen evolution occurs (2, 5, 6, 7, 8, 13) . Provided stoichiometric relationships between the reactants and products prevail, the reaction rate can be measured in terms of oxygen production or in terms of changes in the concentration of whatever other molecular or ionic species are involved, e.g., changes in the concentration of the oxidant, of the reduction product, or of H+. Of these possibilities, oxygen production, measured by manometric or colorimetric methods, has been most commonly used. Measurements of decrease in the oxidant concentration or increase in the concentration of the corresponding reduction product appear to be limited to determinations with highly colored reagents, e.g., dyes. Hydrogen ion formation or disappearance, which allows the use of acid-base titrations, is limited to special cases, as for example, reduction of an oxidant such as ferricyanide (7) .
From the foregoing possible methods only two appear to be adaptable to rapid determinations of reaction rates when micro amounts of chloroplast material are to be used. These are: (a) colorimetric determination of oxygen as oxyhemoglobin by the method of HILL (5) , and (b) determination of the decolorization of oxidation reduction indicators (8) . Such micro methods require the elimination of secondary influences which can be neglected in manometric determinations. In the determination of oxygen as oxyhemoglobin it is necessary to remove oxygen by preliminary degassing of the reagents and chloroplast material. In the case of reduction of indophenol dyes, the presence of small quantities of natural reducing substances, such as ascorbic acid, introduces a thermal reduction which might invalidate the observations.
In addition to thermal reductions not involving 02 production, photochemical reduction of certain dyes may occur, which likewise does not involve 02 production. Such Such dye reduction is thus a consequence of a photochemical reaction involving substances which are heat-stable and is not to be confused with the reaction responsible for oxygen evolution. Photochemical reduction was again observed if ascorbic acid was added to thionine or methylene blue in place of the filtrate from the heated brei. Hence, the photochemical reduction of thionine by an illuminated spinach chloroplast preparation, reported previously (8) is probably not connected with oxygen evolution. Lightstimulated oxidation of ascorbic acid by methylene blue has been reported earlier (10) . However, the use of dyes does permit reliable and rapid assays of chloroplast activity if one guards against the possible sources of error pointed out above. Such complications can be avoided by using washed and resuspended chloroplast material; further, their absence can be demonstrated if dye reduction is not effected in darkness by heated or boiled preparations, or by heated preparations when illuminated. If preparations are used in which natural reducing substances are present, manipulations such as dialysis or oxidation with limited amounts of oxidant might be useful for removing their influence. It is with respect to the economy of time and material that dye reduction will find its greatest use, especially when applied to assaying activities of the numerous preparations obtainable by fractionation procedures.
The work to be outlined will include descriptions of the methods, conditions and apparatus used up to the present time for quantitative evaluation of dye reduction. The dyes used included phenol indophenol (red at pH 6.5), 2,6-dichlorobenzenone indophenol, and 2,6-dichlorobenzenone indo-3'-chlorophenol (both blue at pH 6.5). In addition, results of some preliminary attempts to fractionate preparations of disintegrated chloroplasts will be discussed.
Methods PREPARATION OF CHLOROPLAST MATERIAL
For the fractionation studies, leaves from garden Swiss Chard (Beta vulgaris var. cicla) or from market spinach (Spinacia oleracea) were used as the source of chloroplasts. The isolation procedure was that previously described (8) . The intact chloroplasts were suspended in 10% propylene glycol and were fragmented by exposure to supersonic vibrations (11) during circulation through a continuous-flow cooling device. The duration of exposure was from eight to 12 minutes. All manipulations used in the isolation of chloroplast material were carried out close to 00 C.
In the early phases of this work chlorophyll concentrations were determined according to the method of FRENCH and ANSON (4) . This method was later supplanted by one involving extraction of the pigments with methanol and photometric determination with a Klett colorimeter and the accompanying red filter No. 66. A calibration curve for this instrument was obtained by transferring the pigment from methanol to ether and determining the concentration of total chlorophyll with a Beckmann spectrophotometer, using the equations of COMAR and ZSCHEILE (3).
MEASUREMENT OF THE RATE OF DYE DECOLORIZATION (a) VISUAL METHOD.-The stock solution used contained phenol indophenol (1.1 x 10-M), potassium phosphate (pH 6.5, 0.04 M) and potassium chloride (0.08 M). Chloride was added since WARBURG and L-UTTGENS (13) had previously shown that washed or dialyzed chloroplasts are reversibly activated by chloride or bromide. Five ml. of the stock solution were pipetted into a test tube, followed by the sample of chloroplast preparation and distilled water to make 10 ml. Half the contents of the tube were transferred to another test tube containing a small amount of solid reducing agent such as ascorbate or sodium hydrosulphite. The aliquot with reducing agent served as the control from which one judged when the dye in the test sample had been completely reduced. Standard conditions were chosen such that the more active of the preparations to be tested required approximately one minute to reduce the dye completely, the length of time having been shown to be inversely proportional to chloroplast concentration.
(b) PHOTOMETRIC METHOD.-The ideal arrangement for measuring changes of dye concentration would utilize a beam of monochromatic light passing through the reaction mixture at right angles to the beam serving as the source of energy for the photochemical reaction. A single beam was found to be adequate, however. Light from a 1000-watt incandescent lamp was focused on a cuvette (1 x 1 x 4 cm.) containing dye solution and chloroplast material. The cuvette holder was located directly in front of a window in a metal housing, which contained the photronic cell and color filters. Only the central portion of the beam transmitted through the cuvette passed through the window and fell upon the photronic cell. The metal housing and cuvette were both immersed in a constant-temperature thermostat.
The light intensity on the cuvette was varied by fneans of calibrated screens. Neutral filters were used to reduce the light intensity on the photronic cell. For the dyes mentioned above the following Corning filters were suitable: (a) phenol indophenol: #3387 and #5031; (b) 2,6-dichlorophenol indophenol: #2424; (c) 2,6-dichlorobenzenone indo-3'-chlorophenol: #2404.
Changes in light intensity incident upon the photronic cell were registered by a galvanometer, or more conveniently by a Brown electric recorder (0-10 mv. range; chart speed: 2 div./min., 3 div./inch), which had a response time of 3 seconds for full scale deflection.
For an activity measurement, dye solution and chloroplast material were mixed in the cuvette and placed in darkness in the thermostat for five minutes before being illuminated.
The following conditions required for the method to have quantitative significance were fulfilled: (a) deflections were proportional to light intensity; (b) a simple relation existed between the logarithm of the deflection and the dye concentration; (c) the initial rate of dye reduction was propor- Reproducibility is, of course, far better with the photometric method than with the visual method. Occasionally differences up to 15% were found for replicate determinations, using the galvanometer, but in most cases they were less than 10%. With the recorder, determinations are easily obtained with differences less than 3%.
In connection with the determination of the optimum pH for determining the rate of reduction of the 3' substituted derivative, a decrease in absorption was observed on changing the pH from 6.5 to 5.9 (the optimum pH).
This change was from 10.9 to 19.5%o transmission when determined with a Beckmann spectrophotometer at 650 m,u. Such behavior is a disadvantage and 2,6-dichlorobenzenone indophenol or any of the dyes listed in table II could well be superior in this respect. The temperature coefficient for the rate of the reaction using the 3' substituted dye was found to be ca. 1.7 for the temperature range 5- tained by the visual method comparing retention of activity at two temperatures in 0.02 M sodium sorbitol borate buffer at different pH values. The chloroplast fragments were stored for two hours at 00 C or for 10 minutes at 350 C. The curve for the lower temperature indicates that the activity is retained best in the region between pH 6 and pH 7. Inasmuch as the visual method could not be used to detect very small differences in activity, the intermediate pH 6.5 was chosen. Results were also obtained by the visual method which led to the subsequent use of propylene glycol as a stabilizer against activity loss during storage at 00 C, pH 6.5. This reagent was diluted with distilled water to various volume per cent. solutions, cooled to 00 C and added to equal aliquots of the fragment preparation. The mixtures were then stored for three hours at 00 C in darkness. Optimum results were obtained with a 10%o solution which reduced the activity loss approximately 50%o per hour. High retention of activity also appears to be connected with high concentrations of chloroplast material during storage. Other reagents tested included 5%7o solutions of diethylene glycol, n-propyl alcohol, isopropyl alcohol and 10%o glycerol, but all of these reduced the activity after storage to a negligible value. Ethanol showed no apparent stabilizing properties when tested over the concentration range 10 to 50%o. Strychnine, which has been found to increase the rate of dye reduction (9), was ineffective as a stabilizer.
In the case of ethanol, precipitation of the protein such as is observed with intact chloroplasts was absent with disintegrated plastids, and instead a clarification was observed. This was found with concentrations up through 95% ethanol in which precipitation was observed only after standing overnight at room temperature. No reduction of dye was ever observed by the preparations suspended in such concentrated ethanol solutions. Also observed was the shift of the red chlorophyll maximum from 680 to 660 mp.
FRACTIONATION PROCEDURES APPLIED TO FRAGMENTED CHLOROPLASTS
The supernatant obtained from a preparation previously exposed to supersonic irradiation and centrifuged for 10 min. at 7500 x g. (00 C) was precipitated at various pH values. Equal samples at pH 6.5 were diluted to the same volume with Mcllvaine buffer so as to adjust to pH values in the range 5.3-6.0. The samples were centrifuged 10 min. (800 x g., 00 C), the supernatant removed, the precipitates resuspended, and the pH readjusted back to 6.5 . No marked increases in the activity of any of the fractions so obtained was observed. Total precipitation at pH 4.6 was accompanied by complete loss of activity. Precipitation with neutral salts, e.g., 30 to 40%o Na2SO4 proved to be no more effective than pH precipitation.
Detergents, sometimes useful in the solubilization of protein without loss of catalytic activity, also failed. Clarification of the extracts was evident with 0.04%o Dupanol and 0.12% Wetanol, but no photochemical activity was observed.
Chromatographic adsorption on columns, a technique which has proved to be useful in the isolation of particulate, enzymatically active granules from tumors and mouse melanomas (12) did yield active, green material on elution. In pH 5.5 phosphate adsorption was complete in the upper inch of a column of Supercell; elution with neutral buffer or distilled water caused the rapid movement of a light green band away from the major portion of the adsorbed green material. Neither the strongly adsorbed portions nor the rapidly moving material showed marked enhancement of activity.
Differential centrifugation at different speeds and for varying periods of time at 8000-9000 x g. yielded a fraction which showed an approximately threefold increase of activity. Such increases are minute when compared to the increases of activity shown by many procedures used in enzyme purification. Manometric determinations of the activities of fractions prepared as above confirmed the fact that only small increases were being obtained. The loss of activity during illumination in the absence of chloride, reported previously (1), was observed also with these fractions. This loss occurred regardless of whether the oxidant mixture (ferric oxalateferricyanide) was present or not, which suggests that the protective action of the oxidant, pointed out by WARBURG and L-UTTGENS (13) , is small in comparison to that afforded by chloride. The activity loss was found to be irreversible in that addition of chloride did not reactivate, in agreement with ARNON and WHATLEY (1) . Discussion Fractions of the products of chloroplasts disintegrated by means of supersonic vibrations and separated by pH precipitation, salt precipitation, differential adsorption or differential centrifugation did not possess enhanced activity. The assay as conducted was intended to test for an increase in the concentration of some enzymatic component, relative to chlorophyll concentration, responsible under normal conditions for rate limitation of this reaction at "saturating" light intensities (ca. 2500-3000 foot-candles using phenol indophenol as the oxidant). The absence of activity increases might have been due to the need for more complete dispersion and disintegration of the chloroplast components than was accomplished by the procedure described above. This is likely since after 45 minutes of centrifugation at ca. 9000 x g. such preparations yielded only light green supernatant fractions. When the green material in such fractions was precipitated no residual soluble protein could be found.
As pointed out, the lack of precision of the visual method of estimating the point of complete decolorization left much to be desired. The photometric method was developed to detect small changes of activity but this apparatus was not available at the time the above preliminary fractionations were made. However, several-fold increases in activity could not have been overlooked. The photometric method of determining the rate of dye reduction should aid considerably in future studies of a similar nature. Summary 1. The rate of reduction of dilute solutions of indophenol dyes, approximately 1.0-3.0 x 105 M, can be used as a quantitative index of the photochemical activity of micro quantities of chloroplast material.
2. The initial rate of dye reduction can be measured within a period of
